ABSTRAC~ Sequential histologic and ultrastructural changes in juxtaglomerular apparatus (JGA) were defined in"ma1e rats treated with quinapril, an inhibitor of angiotensin-converting enzyme (ACE). Doses of 0, 10, 100, and 400 mg/kg were administered daily by gavage for up to 4 weeks. Granular juxtaglomerular (JG) cells were normal or hypogranular on Day 1 at all doses and were hypergranular by Day 7 in rats given 100 and 400 mg/kg relative to age-matched controls. Histologically, JGA hypertrophy was apparent by Day 7 at all doses and was most pronounced by Day 14 in intermediate and deep cortical zones of rats given 100 and 400 mg/ kg. Ultrastructurally, hypertrophic JG cells had abundant rough endoplasmic reticulum and free ribosomes, and prominent Golgi complexes associated with numerous cytoplasmic coated vesicles. Dose-dependent increases in numbers of protogranules, altered granules, and cytoplasmic vacuoles occurred in association with decreased size and increased pleomorphism of mature secretory granules. Granule alterations included vesicular to lamellar membranous matrical inclusions, irregular patterns ofosmiophilia, matrical vacuolation, and flocculent to coarsely granular matrix of greater density than mature granules. We concluded that JG cell hypertrophy and hyperplasia occurred rapidly in response to subchronic ACE inhibition. Further, ultrastructural changes in JG cells were indicative of stimulated renin synthesis by a regulated pathway, renin secretion by exocytosis and cytoplasmic solubilization of granules, and autophagy of granules as a mechanism whereby JG cells regulate levels of stored renin under conditions of excessive stimulation.
INTRODUCTION
The juxtaglomerular apparatus (JGA) is a highly specialized structure of vascular and tubular components located at the vascular pole of the glomerulus. The afferent and efferent arterioles and extraglomerular mesangium constitute the vascular elements of the JGA' (3, 6) . The latter consists of a network of cells located between afferent and efferent arterioles and the macula densa and is continuous with the glomerular mesangium (5, [12] [13] [14] . The macula densa, the tubular component of the JGA, is a specialized segment of the distal tubule that contacts both afferent and efferent arterioles and pertensive activity of an ACE .inhibitor is, in part, prevention of angiotensin I1 production (1, 2, 17) . Long-term administration of an ACE inhibitor to laboratory animals at pharmacologically active or toxicologic doses causes hypertrophy, hyperplasia and/or increased granularity of JG cells in afferent arterioles (18, 25, 30, 35, 36, 50) . Presumably, these changes occur in response to inhibition or attenuation of negative feedback control of angiotensin I1 on renin synthesis and secretion. Secondly, they represent predictable responses to treatment that become exaggerated at doses significantly above the intended therapeutic dose.
Prominent rough endoplasmic reticulum and welldeveloped Golgi complexes, features consistent with active or enhanced protein synthesis, have been described as changes in JG cells resulting from prolonged treatment with an ACE inhibitor (36, 50) . Both increases and decreases in the number or fractional volume of renin granules in JG cells were reported in mice given captopril (27, 50) . Treatment duration explains this discrepancy, as longer treatment results in increased numbers of granules. With the exception of one 2-week study in mice (27) , previous studies have focused on ultrastructural changes in JG cells following long-term inhibition of ACE. Studies detailing time-and dose-dependent effects on JG cell fine structure with subchronic administration of an ACE inhibitor have not been reported. This study was conducted to characterize both time-and dose-dependent changes in JGA fine structure of normotensive rats given quinapril, an ACE inhibitor, for one to 28 days.
METHODS

Experimental Design
Ninety-six random bred Charles River male Wistar CRL(W1)BR rats, approximately 42 days of age were assigned randomly to 4 experimental groups of equal size (24 per group) and administered quinapril, an angiotensin converting enzyme inhibitor, for 28 days at doses of 0 (vehicle control), 10, 100, and 400 mg/kg. Quinapril was administered as a suspension in 0.5% methylcellulose and at a dose volume of 10 mVkg. Drug concentrations were adjusted on a weekly basis according to body weights. The highest dose was approximately 400 .times the efficacious dose in the spontaneously hypertensive rat (38). The study was conducted in accordance with current guidelines for animal welfare (NIH 86- 23, 1985) .
Six animals per group were necropsied'on study Days 1,7, 14, and 28. At each scheduled necropsy, 3 animals per group were anesthetized with a combination of ketamine HCl (60-100 mg/kg) and xy-.. lazine (10-20 mg/kg) and prepared for renal perfusion fixation. Plasma samples (24 hr post-dosing) were collected from the remaining 3 animals per group prior to euthanasia by ether inhalation.
Renal Peijkion Fixation Technique
After reaching a deep plane of anesthesia, the abdomen was incised from pubis to xyphoid process along the linea alba. Proximal segments of right renal, celiac, and cranial mesenteric arteries were ligated. The abdominal aorta distal to renal arteries was isolated and cannulated with a 19-gauge cannula that was subsequently attached to a vascular perfusion device (23) . The proximal segment of the abdominal aorta was ligated and the left renal vein was incised concurrent with initiation of renal perfusion at a pressure of 100 mm Hg. The renal vasculature was cleared for 45 seconds with buffered physiologic saline held at room temperature-and containing 50-100 units of heparin sulfatelml. The saline wash was followed by 10 min of perfusion fixation with cold (4°C) 2% glutaraldehyde in 0.1 M cacodylate buffer and 0.'01% CaCl.
Renal Histopathology
An approximately 5 mm thick, transverse section of perfused left kidney was collected from each animal, fixed for 2 4 4 8 hr in 10% neutral buffered formalin, processed by routine paraffin technique, sectioned at 2'pm and stained with hematoxylin and eosin (H&E). A transverse section of nonperfused right kidney was collected from each animal, fixed in Helly's solution, routinely processed, sectioned at 4 pm and stained by Bowie's technique (7) .
Hypertrophy of juxtaglomerular apparatuses (JGA), defined by light microscopy as qualitative enlargement of JGA (afferent arteriole, macula densa, extraglomerular mesangium), was determined by examination of one Bowie-stained section of kidney per animal per time point. Twenty glomeruli per section with either a definable JGA or its contiguous afferent arteriole were evaluated for staining of renin granules in JG cells. The number of positive-staining JGAs or arterioles per 20 glomeruli were expressed as a JG cell index (see Table I ). The granularity of JGAs within a kidney section of a treated animal was subjectively scored as hypogranular, normal, or hypergranular relative to age-matched controls. Sections of left kidney were examined for histopathologic evidence of potential nephrotoxicity.
Electron Microscopy
Sections (1 mm3) from intermediate and deep zones of renal cortex, corticomedullary junction and outer medulla were collected for electron micros-TOXICOLOGIC PATHOLOGY copy from 3 perfusion-fixed kidneys per group at each time point. Sections were further fixed for approximately 2 hr in cold (4°C) 2% glutaraldehyde solution, were washed in 0.1 M cacodylate buffer, postfixed for one hr in 1% osmium tetroxide, dehydrated in graded alcohols and embedded in Eponl Araldite. Two randomly selected blocks of renal cortex, corticomedullary junction and outer medulla were examined from one control and 2 or 3 high dose animals at each time point. Cortical sections of 1 control and 2 or 3 treated animals per group per time point were examined ultrastructurally to define drug-associated JGA effects. Two to 4 blocks containing one or more profiles of JGAs or afferent arterioles were examined per animal. JG cell hyperplasia in treated animals was defined ultrastructurally as a qualitative increase in the number of JG cell profiles in afferent arterioles relative to agematched controls.
Statistical Analyses
The proportion of JG cells staining per 20 glomeruli (arcsine transformed) was analyzed using a 2-way analysis of variance, sequential trend tests, and least significant difference tests.
RESULTS
.Histopathologic Firtdings
No evidence of renal toxicity was observed at any level of the nephron. Histopathologic alterations were confined to JGA and renal vasculature. Hypogranularity to normal granularity of JGAs relative to controls was seen on Day 1 at all doses. In contrast, JGA hypergranularity occurred by Day 7 in varying numbers of JGAs in animals given either 100 or 400 mg/kg. This effect was most prominent in distal afferent arterioles, persisted through Day 28 of treatment, and was also seen, less commonly, in efferent arterioles. .
Hypertrophy of JGAs was first noted at Day 7 in one half or more of animals of each treatment group. Hypertrophic JGAs were randomly distributed throughout the renal cortex. In some animals, however, the most prominent hypertrophic JGAs were found in intermediate or deep cortical zones. Incidence and magnitude of hypertrophy, as measured by staining of JG cell granules by Bowie's technique were both time-and dose-dependent (Table I) . Although JG cell hypertrophy was clearly evident by Day 7 at all doses, highest incidence and maximal degree of JGA hypertrophy occurred in animals given 100 and 400 mg/kg for two weeks or more. There were no differences in the magnitude of hypertrophy after 2 or 4 weeks of treatment at these doses. JG cell hypcrplasia resulted in a wider distribution of granulated cells in renal vasculature by Day 14 at all doses. This effect was not always widespread within the renal cortex; instead, segments of renal arterioles in intermediate or deep cortex were often more noticeably affected. In affected regions, JG cells were scattered in a segmental to diffuse pattern along the entire length of some afferent arterioles and were occasionally seen in the media of interlobular arteries and within the extraglomerular mesangium. Less commonly, increased numbers of JG cells were seen in efferent arterioles.
Ultrastrttct iiral Findings
Granules containing vesicular to membranous matrical inclusions and/or more variable electron density were conspicuous in JG cells of afferent arterioles by Day 1 (Fig. 1 ). These granule changes were noted primarily in animals given 100 and 400 mg/kg. At 100 or 400 mg/kg, renin granules of affected JG cells also had greater variability in size with a larger proportion of small granules when compared to JG cells of controls. Myelinoid bodies and myelin figures were present with greater frequency along cytoplasmic margins of JG cells in quinapril-treated animals. Although the granule content of JG cells was highly variable among controls, greater numbers of hypogranular cells were seen in JGAs of treated animals at this time.
JG cell hypertrophy was apparent ultrastructurally by Day 7 at 100 and 400 mgkg ( Fig. 2) and by Day 14 at 10 mg/kg. As noted histologically, there was no apparent progression of JG cell hypertrophy when effects at either 100 or 400 mg/kg were compared at Days 14 and 28. By Day 7 at 100 or 400 mg/kg, many JG cells had nuclei with prominent, eccentric nucleoli and .finely granular, evenly dispersed chromatin, increased glycogen, free ribosomes and rough endoplasmic reticulum and prominent Golgi complexes. Cisternae of rough endoplasmic reticulum were segmentally to diffusely dilated by electron-dense granular material that was less dense than protogranular matrix or mature renin granules. Intracisternal granules were not seen.
By Day 14, profiles of rough endoplasmic reticulum in JG cells were longer, more dilated and occasionally formed parallel stacks or concentric lamellae ( Fig. 3 ). Protogranules became more conspicuous in Golgi saccules, condensing vacuoles, and cytoplasm ( Figs. 3 and 4) . Relative to controls, a greater number of protogranules displayed paracrystalline substructures. Many 'condensing vacuoles contained small vesicles in close association with protogranules. Coated vesicles were more numerous in cytoplasm surrounding Golgi complexes. Cell boundaries were. often more tortuous and undulant with extensive intercellular interdigitations and prominent extracellular spaces. JG cell mitoses were not seen in treated animals at any dose. There was, however, an increased number of JG cell cytoplasmic profiles in the media of afferent arterioles by Day 7 at 100 and 400 mg/kg . and by Day 14 at 10 mg/kg. Less commonly, increased numbers of granulated JG cells were noted in efferent arterioles, interlobular arteries, lacis, and intraglomerular mesangium.
Intermediate cells with features of both granular JG cells and smooth muscle cells were widespread within afferent arterioles of treated animals by Day 7 (Fig. 2) . These cells had bundles of myofilaments associated with subplasmalemmal attachment bodies and centrally located renin granules. High numbers of these intermediate forms in media were associated with a decrease in number of smooth muscle cells when compared to similar regions of afferent arterioles in controls. In animals given quinapril, binucleate JG cells were seen with greater frequency than in controls on Day 14. Binucleate cells with unusual nuclear profiles were observed in one animal given 10 mg/kg. In these cells, one nucleaiprofile had features characteristic of hypertrophy, whereas the remaining nucleus was irregularly shaped, had a broad band of heterochromatin and pseudoinclusions containing cytoplasmic organelles (Fig. 5) .
In animals given quinapril, there was increased pleomorphism and decreased size of renin granules with time that was most apparent at 100 and 400 FIG. 3.-a) JG cell after 14 days at 400 mg/kg. Parallel stacks of rough endoplasmic reticulum that contain granular, electron-dense material oriented around a large altered granule (asterisk) ( x 28,000). b) JG cell after 28 days at 400 mg/kg. Golgi stacks are associated with numerous cytoplasmic vesicles and condensing vacuoles. Protogranules and vesicles are conspicuous within a condensing vacuole (arrowhead) ( x 28,000). mg/kg (Fig. 6) . By Day 7, fusion of mature renin granules was seen more frequently in hyperplastic JG cells of treated animals. At 100 and 400 mg/kg, cytoplasmic vacuoles, 1.0 and 3.0 pm in diameter, were distributed randomly in cytoplasm of low numbers of JG cells. The largest of these vacuoles appeared empty or contained.finely granular to fibrillar material or irregular membranous to myeloid inclusions (Fig. 7a ). Some of these vacuoles were enveloped by a dual membrane. Large altered granules of comparable size to vacuoles were observed in JG cells of animals from all dose groups but occurred most frequently at 100 and 400 mg/kg. These granules generally possessed a flocculent to coarsely granular matrix of electron density comparable to or greater than that of mature renin granules (Fig.  7c ). Others were characterized by an irregular pattem of osmiophilia in their matrix (Fig. 7b) .
Pleomorphism of JG cell granules was maximal after 2 weeks of treatment with either 100 or 400 , mg/kg. Altered granules became more abundant and were often assembled into cytoplasmic aggregates. Clusters of vesicular inclusions were more common in matrices of altered granules (Fig. 7d ). Large altered granules resembling autophagic vacuoles were occasionally seen in narrow JG cell processes. In some cases, these altered granules were aggregated into profiles lined by discontinuous limiting membranes and appeared to be in the process of disruption or dissolution (Fig. 7e) . Subplasmalemmal myelinosomes and myelin figures were frequently seen after one week of treatment. Lipidic membranous debris and, less commonly, material with a density similar to granule matrix were seen in the intercellular space ( Fig. 8) .
Autophagosomes containing organelles were seen in low numbers of JG cells of treated animals.
DISCUSSION
Hypertrophy and hyperplasia of JG cells, seen by Day 7 of treatment with high doses of quinapril, were expected pharmacologic effects of subchronic ACE inhibition in rats: Similar effects were reported in previous studies of chronic ACE inhibition in rats (18, 25, 50). Loss or reduction of angiotensin 11-mediated negative feedback control of renin release would have induced JG cell hypertrophy as a consequence of stimulated renin synthesis. Natriuresis resulting from reduced serum aldosterone and renal angiotensin 1I.levels would have further stimulated renin synthesis and release. In support of the latter are studies with adrenalectomized rats (4, 16, 19, 37) where JG cell hypertrophy occurred rapidly in response to sodium wasting.
In this study, JG cell hyperplasia was not consid- In JG cells of normotensive rats. stimulated by subchronic ACE inhibition, renin secretion appeared to occur by exocytosis of mature renin granules and, less commonly, by cytoplasmic sdubili-zation ofgranules in peripheral cell processes. Myelin figures in cytoplasm subjacent to plasma membrane and membrane figures in intercellular spaces were considered lipidic remnants of renin granules and morphologic evidence of exocytosis. Less commonly, exocytosed material of a similar electron density to renin granules was seen in intercellular spaces.
Although JG cell plasma membranes became more undulant and intercellular spaces were more prominent, deep invaginations of plasma membrane contiguous to mature renin granules were not seen under conditions of stimulation in this study. This change has been described in adrenalectomized rats as a mechanism to enhance contact of granules with plasma membrane and thereby promote exocytosis (19) .
Focal vesicular to membranous inclusions in peripheral granules were considered matrical alterations reflective of exocytosis since identical changes have been described as incipient exocytosis in stimulated JG cells (41). Typically, these granule alterations occurred in the matrix nearest the plasma membrane of peripherally located granules, and apparently result from localized osmotic perturbations that lead to focal matrical swelling (41). These changes are considered a prerequisite of exocytosis that precede granule fusion with plasma membrane (52) and occur in JG cells of sodium-depleted mice (42). In our study, extensive matrical alterations in large granules clustered without proclivity to subplasmalemmal regions, were likely to have been the result of increased granule turnover rather than enhanced exocytosis.
Aggregates of altered granules with discontinuous limiting membranes and focal areas of coalescence were considered evidence of cytoplasmic solubilization of mature renin granules. These granules generally had a coarsely granular dense matrix; resembled auto-phagosomes, and were found in peripheral cell processes. In man, mature renin granules with discontinuous limiting membranes have been considered ultrastructural evidence of renin release by cytoplasmic solubilization (5 1). Disintegration of JG cell processes, has also been described as a method of renin release under conditions of JGA stimulation in focally ischemic regions of kidney (41). It was postulated that stimulation of JGA could cause focal vasoconstriction by local generation of angiotensin I1 and increased adrenergic activity and thereby result in focal ischemic injury. However, under conditions of subchronic ACE inhibition in this study, granule changes in JG cell processes were not likely a function ofangiotensin I1 induced focal renal ischemia.
There was no morphologic evidence of enhanced renin secretion by anonregulated alternate pathway in this study. Small cytoplasmic vacuoles unassociated with renin granules reportedly arise from perinuclear cisterna and rough endoplasmic reticulum, fuse with cell membranes of stimulated JG cells, and represent a parallel constitutive pathway of renin synthesis, transport, and release that by-. passes the Golgi complex (28) . Absence of vacuoles budding from perinuclear cisterna or rough endoplasmic reticulum in our study, as well as in other studies involving stimulated JG cells (24) , indicate that such a pathway is of minor significance under conditions of subchronic ACE inhibition.
Autophagy of renin granules contributed to granule alterations in stimulated JG cells. This phenomenon has been reported to occur in JG cells primarily under conditions of decreasing stimulation and results in formation of large granules with flocculent to rarefied matrices (46). However, autophagy of renin granules has also occurred under experimental conditions of acute JG cell stimulation (45). Matrix alterations indicative of autophagy and excessive membrane turnover included invaginations of the granule limiting membrane and vesicular to concentric lamellar inclusions in granules unassociated with plasma membranes (33). Double-membrane bound vacuoles containing granular to flocculent densities, as noted in our study, were also reported to be a consequence of autophagic activity resulting in granule turnover or a result of cytoplasmic herniation and sequestration (45).
Autophagy of granule matrix may have served as a mechanism for JG cells to regulate quantities of stored prorenin and renin in a manner analogous to crinophagy in other endocrine cells (39). However, unlike crinophagy which involves lysosomal degradation of secretory granules, renin granules are probably degraded by autodigestion without lyso-soma1 fusion because of their instrinsic proteolytic activity. The lysosomal nature of renin granules is supported by demonstration of acid phosphatase (20, 22) , B-glucuronidase (22) , cathepsin B (44), and cathepsin D (47) in granule matrix and by ultrastructural evidence of their autophagic capabilities (33).
Angiotensin I1 receptor binding and subsequent internalization of receptor-ligand complexcs may also provide a stimulus for autophagy of renin granules under conditions of subchronic ACE inhibition. Angiotensin I1 has been demonstrated in JG cells of rats (1 0, 34,40) and man (1 l), and it colocalizes with renin in JG cell secretory granules of rats (9, 43). Thus, angiotensin I1 within JG cell granules could directly modulate both renin granule secretion and degradation. Altem'atively, as proposed by others (lo), angiotensin I1 may exert receptor-mediated paracrine or autocrine effects on'JG cell activity following its release from renin granules during exocytosis.
Whether sufficient angiotensin I1 persists in or around JG cells under conditions of ACE inhibition to influence granule turnover remains unclear. In rats treated with captopril, JG cells demonstrated progressive increases in immunoreactivity to angiotensin I and maintain immunoreactivity to angiotensin I1 (43). However, persistent inhibition of renal ACE activity and a gradual induction of plasma ACE activity were also reported to occur in rats treated with captopril and other ACE inhibitors (26) .
In summary, subchronic inhibition of ACE in rats by quinapril resulted in rapid. JG cell hypertrophy and hyperplasia: effects previously described as .expected pharmacologic effects of ACE inhibitors (1 8,  25, 30, 35, 36, 50) . Ultrastructural changes in JG cells were consistent with stimulation of renin synthesis and secretion by a regulated rather than a constitutive pathway. Autophagy of renin granules
